The A 1 ⌺ ϩ -X 1 ⌺ ϩ emission spectrum of BaO excited in a Broida-type oven was revisited using a Fourier transform spectrometer. Chemiluminescence was observed from excited BaO molecules generated from the 
I. INTRODUCTION
The spectrum of barium oxide has been studied by various methods for a long time. Mecke and Guillery reported the emission spectrum in 1928, 1 while Mahanti measured bands between 12 000 and 23 000 cm Ϫ1 in 1934. 2 The highresolution spectrum of the A 1 ⌺ ϩ -X 1 ⌺ ϩ transition in the range 14 300-20 000 cm Ϫ1 was studied by Lagerqvist et al. 3 in 1950, who corrected the rotational analysis of Mahanti. They analyzed 11 bands in which the ground-state vibrational quantum number ranged from vЉϭ0 -4, and that of the A state from vЈϭ0 -5. These experiments were performed by producing BaO in an acetylene-air flame fed with a BaCl 2 solution. Wharton and Klemperer detected pure rotational Jϭ1 ←0 transition for several vibrational levels of the ground state in 1962. 4, 5 They used the molecular beam electronic resonance method, taking advantage of the large dipole moment ͑7.955 D for vЉϭ0͒ of BaO, 4 with BaO vapor produced by heating solid BaO to 2200 K. Subsequently, several other groups obtained additional microwave data for both the ground state and the A state. Tiemann and co-workers 6, 7 measured the microwave absorption spectrum of the ground state, employing a high-temperature oven. Field et al. 8 studied the microwave optical double resonance spectra of both X and A states, using a Broida-type oven [9] [10] [11] to generate high-temperature molecules at relatively low temperatures. Hocking et al. 12 obtained the millimeter wave spectra of the three alkaline earth metal oxides, CaO, SrO, and BaO; for BaO they observed rotational transitions for J up to 10 of the ground state. In 1992 Blom et al. 13 performed new microwave measurements using laser ablation to produce BaO, and combined their results with other data to obtain the most recent set of Dunham constants for the ground state.
In 1990 Hedderich and Blom 14 observed the first highresolution infrared spectrum, between 641 and 701 cm Ϫ1 , using a tunable diode laser spectrometer and a Broida oven source. A total of 140 rovibrational transitions of the five most abundant isotopomers were measured for vЉ up to 6. Somewhat earlier Field et al. 15 had measured optical-optical double resonance ͑OODR͒ photoluminescence progressions generated using two continuous wave ͑cw͒ laser to excite BaO to ϳ38 000 cm Ϫ1 above the ground state. They observed two photoluminescence progressions into groundstate vibrational levels ranging up to vЉϭ34, but only at low resolution.
Besides the work on the X 1 ⌺ ϩ state mentioned above, many studies have also been carried out on the excited states of BaO. Exothermic reactions, such as 16 20 performed a vibrational analysis of the AЈ -X transition using the 16 O and 18 O isotopomers. Using a direct current ͑dc͒ arc with barium electrodes in an oxygen atmosphere, Kolman et al. 21 studied B 1 ⌺ ϩ -X 1 ⌺ ϩ transitions and rotationally analyzed the 0-6, 0-7, and 0-8 bands.
Laser techniques have made it much more convenient to study the excited states of BaO. 15, [22] [23] [24] [25] [26] [27] [28] [29] [30] For example, Pruett and Zare 23 excited the overlapping A -X and AЈ -X transitions of BaO produced by the BaϩCO 2 reaction using a tunable pulsed dye laser. The weak, long-lifetime ͑ϳ9 s͒ AЈ -X fluorescence was separated from the strong, shortlifetime ͑ϳ356 ns͒ A -X fluorescence 22 by delaying the observation of the AЈ -X emission until the A -X emission had decayed away. Using the OODR technique, Gottscho and Field and co-workers 15, 24, 25, 27 studied the low-lying states such as a The present work re-examines the A -X transition between 8900 and 21 000 cm Ϫ1 at a resolution of 0.04 cm Ϫ1 , using a Fourier transform spectrometer. The BaO chemiluminescence was excited by the reaction of Ba with N 2 O in a Broida-type oven. This paper is the first in a series on the infrared and near infrared spectroscopy of BaO, CaO, and SrO, and it shows that the Broida oven is indeed an excellent source for high-resolution emission spectroscopy. Note that the technique of infrared and near-infrared emission spectroscopy has recently been reviewed in Ref. 32 .
The major objective of this work is to determine improved molecular constants for the ground state. Because of the strong local perturbations of most vibrational levels of the upper state, our combined-isotopomer fit to determine new ground-state spectral constants used an Å slund-type term-value representation 33, 34 for v A Ј у1 levels of the A state and independent sets of band constants ͑one for each isotopomer͒ for the v A Ј ϭ0 level. Over 15 500 rovibrational lines from the four isotopomers, involving vЉ up to 20 and vЈ up to 11, together with microwave data and infrared data from literature, and the earlier low resolution OODR photoluminescence data 15 ͑which extend to vЉϭ34͒, were considered in this analysis.
II. EXPERIMENT
A detailed description of the Broida-type oven we used to generate BaO chemiluminescence has been published elsewhere. 35, 36 In our experiment, BaO was produced in a low-pressure reaction of Ba with N 2 O with an argon carrier gas. About 10 g of barium metal ͑granules, 99.7% pure, from Johnson Matthey͒ in a crucible was heated by a tungsten wire basket to generate barium vapor. The vaporized barium was entrained in a flow of Ar gas, and then mixed with N 2 O ͑99.9% pure, from Praxair͒ to produce a low-pressure chemiluminescent flame. The partial pressures of N 2 O and Ar in the reaction chamber were adjusted separately to obtain the most intense flame, normally with a total of pressure of between 0.5 and 1 Torr. It was found that the vibrational population of the excited BaO varied strongly with different pressure combinations.
The chemiluminescence was collected with a 5 cm in diameter, f ϭ15 cm focusing lens and sent to a Bruker IFS 120 HR Fourier transform spectrometer which has been modified to record double-sided interferograms. A spherical mirror was set on the opposite side of the collection lens to enhance the collection efficiency. A notch filter with a blocking range from 15 500 to 15 850 cm Ϫ1 was used to reduce the strong He-Ne laser signal ͑ϳ15 798 cm
Ϫ1
͒ from the spectrometer. No other color filter was chosen, in order to maximize the signal. A photomultiplier tube ͑PMT, Hamamatsu, R636-10͒ was employed to measure the spectrum above 13 500 cm Ϫ1 and a silicon photodiode detector was used to record the spectrum between 8900 and 15 800 cm Ϫ1 . Because of the wide spectral range involved ͑requiring a PMT detector from 10 532 to 21 064 cm Ϫ1 and a Si photodiode from 7899 to 15 798 cm Ϫ1 ͒, careful adjustment of the pressure to obtain suitable vibrational populations was necessary to avoid aliasing. 37 Thus very little folding-back of lines, due to out-of-band emissions, was observed in the spectrum. The resolution was set to 0.04 cm Ϫ1 . Normally, about 2 hours was needed to co-add about 30 scans to obtain a good signalto-noise-ratio.
A program named ''Spectra'' provided by Dr. Michel R. Carleer ͑Université Libre de Bruxelles, Belgium͒ was used to measure the line positions. The peak positions were determined by fitting Voigt lineshape functions to the lines in a nonlinear least-squares procedure. The air-to-vacuum conversion of the wave numbers was performed with an equation provided by Dr. Tsuyoshi Hirao of this laboratory. 38 His equation was derived from Edlén's formula 39, 40 for the refractive index of air. The converted line positions were then calibrated using barium atomic lines that accompanied the BaO emission. The line positions of the Ba atomic emission was provided by Dr. Ulf Litzén ͑Lund University, Sweden͒, 41 and have an uncertainty of about 0.002 cm
. Ten atomic lines between 8800 and 14 200 cm Ϫ1 common to both spectra were used to determine a calibration factor of 1.000 001 563 2 for the spectrum from the photodiode detector. The spectrum from the PMT was then calibrated by multiplying the wavenumbers by the factor of 1.000 001 546 2, which was determined using more than 100 common lines from the ͑0,4͒, ͑0,3͒, ͑1,3͒, and ͑0,2͒ bands common to both spectra, covering a range from 13 850 to 15 400 cm Ϫ1 . The precision of our final measurements was estimated to be about 0.005 cm Ϫ1 for medium-strength, unblended lines.
III. EXPERIMENTAL RESULTS AND ASSIGNMENTS
The chemiluminescence spectra we obtained were mainly from the A 1 ⌺ ϩ -X 1 ⌺ ϩ transition of BaO. Some atomic emission lines of barium were also observed and used for calibration. So far we have not found any lines due to the AЈ 1 ⌸ -X 1 ⌺ ϩ transition, mainly because most of the AЈ -X lines appear above 22 000 cm
Ϫ1
, which is beyond our observation range, and partially because of their low intensity. 18 The relatively high pressure we used in the reaction chamber also does not favor the AЈ -X transition. 19 The BaO spectrum obtained from the PMT detector between 14 000 and 21 000 cm Ϫ1 is shown in Fig. 1 . A notch filter at ϳ15 650 cm Ϫ1 used to reduce the He-Ne laser intensity eliminated a large number of lines from the ͑1,2͒ band and parts of the ͑0,1͒ band. The PMT we used has a very low sensitivity below 14 000 cm Ϫ1 , and only a weak signal from the ͑0,5͒ band ͑ϳ13 436 cm Ϫ1 ͒ was seen in the low wave number region ͑not shown in this figure͒. In the high wave number region there were some weak lines above 21 064 cm Ϫ1 from aliasing. 37 For example, some lines from the ͑12,2͒ band, whose band head lies near 21 162 cm Ϫ1 , were found to be folded back to the 20 966 cm Ϫ1 region. None of the aliased lines were included in the present analysis.
The spectrum measured with the photodiode detector is displayed in Fig. 2 . Barium atomic emission lines can be seen throughout the whole range. Signals disappear around 8900 cm Ϫ1 because of the very low sensitivity of the detector. We tried to use an InSb detector to extend our observation range to the near infrared, but without success. As discussed previously, no aliasing of signals originally above 15 798 cm Ϫ1 was observed. A small distortion of lines from the ͑0,3͒ band occurs near 14 700 cm Ϫ1 for unknown reasons, and these lines were not included in our analysis.
A. Vibrational assignments
Using the best available spectral constants for the ground state 13 and deperturbed spectral constants for the A 1 ⌺ ϩ state from Ref. 27 , most of the relatively isolated vibrational bands could be assigned. However, the ground-state constants from Ref. 13 are not good for high vЉ. In particular, their G v expression does not reproduce the band origins for vЉϾ10, with the offset growing to 1.2 cm Ϫ1 by vЉϭ20. For the weak and blended vibrational bands, the assignment was performed through detailed analysis of the rotational lines.
Some of the vibrational assignments are shown in both Figs. 1 and 2. In Fig. 1 the vibrational quantum number of the A state can be seen up to vЈϭ11 for the ͑11,2͒ band with its head around 20 697 cm Ϫ1 . On the low wave number side, transitions were observed into ground-state vibrational levels up to vЉϭ20 for the ͑11,20͒ band, which can be seen in Fig.  2 BaO, and 20 bands from 135 BaO were assigned and analyzed, and are distributed as shown in Table I . A normal Condon parabola 42 due to the FranckCondon principle can be seen in Table I for the observed   138 BaO bands. For the minor isotopomers, only bands with vЈϽ5 were assigned. A small number of lines in the ͑5,0͒ band from the minor isotopomers were observed, but not analyzed here. Coincidentally, a large number of bands appear in a narrow region around 10 000 cm
Ϫ1
. There are about 33 bands from 138 BaO observed in the range between 9300 and 11 500 cm Ϫ1 , which caused great deal of spectral congestion. All of our data are for isotopomers formed from the 16 O isotope.
B. Rotational assignment of 138

BaO
A program called ''Loomis,'' written by Dr. C. Jarman, based on the method developed by Loomis and Wood, 43 is the very powerful tool we used for picking out rotational
FIG. 2. The
A -X emission spectrum of BaO observed using a Si photodiode detector; X-state vibrational levels were observed up to vЉϭ20. Barium atomic emission lines were used to calibrate this spectrum.
branches of unperturbed bands. With the help of Loomis we can easily pick out the branches of the unperturbed (0,vЉ) bands from their dense background. Even for the perturbed bands, Loomis is still valuable. In that case, it can be used to pick out the lines from the unperturbed or weakly perturbed parts of the band. For lines in the perturbed regions, other methods, such as the checking of combination differences, have to be used.
Different methods were used to perform the rotational assignment of the branches picked out by Loomis. Lagerqvist et al. 3 rotationally assigned the ͑0,2͒, ͑0,3͒, ͑0,4͒, ͑1,1͒, ͑1,2͒, ͑2,0͒, ͑2,1͒, ͑3,0͒, ͑3,1͒, ͑4,0͒, ͑5,0͒ bands of 138 BaO. The maximum JЉ they observed was 118. The line positions they published are very close to our data, with an average discrepancy of about 0.05 cm Ϫ1 , and the maximum deviation was only about 0.1 cm Ϫ1 . We assigned these bands by following the assignments of Lagerqvist et al., and double-checked them by methods described below.
Due to the uncertainties in the spectral constants for the perturbed A state, it is impossible for us to assign the dense rotational lines by calculations using the reported spectral constants of the A and X states. Fortunately, the ground state is not perturbed, and the spectral constants from Blom et al. 13 are very good for vЉϽ10. In this case, checking the combination differences of ground state R(JϪ1)Ϫ P(J ϩ1)ϭ⌬ 2 FЉ(J), which bypasses the perturbed upper state, is a useful method for assignment, with
Using this relationship, we assigned most of the low vЉ bands with vЈϾ5. Equation ͑1͒ is also helpful for predicting the line positions of a branch if the other branch has been assigned by another method. Furthermore, it is also a powerful method for checking assignments. However, for a very dense spectrum, such as the region around 10 000 cm Ϫ1 in Fig. 2 , the method of rotational combination differences fails. There are too many potential P-R doublet pairs that satisfy Eq. ͑1͒, and it is very hard to pick out the correct assignments from the numerous candidates. 
This method proved to be very effective in this work, and all of the weak, blended bands seen in Fig. 2 were found and assigned in this way. For the bands with vЉϾ10 an offset needs to be added to the G v Љ term predicted from Blom's constants 13 when using Eq. ͑2͒ to perform the assignment. The offset increases strongly with vЉ from about 0.03 cm Ϫ1 at vЉϭ11 to about 1.2 cm Ϫ1 at vЉϭ20. An alternate way to correct for this offset is to gradually revise the spectral constants obtained from the assigned lower vЉ bands by stepwise inclusion of the higher-vЉ data to obtain new constants, until the entire data set up to vЉϭ20 is included.
Another method was also used to help make the assignments. When two bands belong to the same progression with about the same signal-to-noise ratio, such as the ͑1,9͒ and ͑1,10͒ bands of Fig. 2 , and neither of them is assigned, a combination of Eqs. ͑1͒ and ͑2͒ can be helpful. First, we analyze the first band to obtain a number of possible P-R doublet pairs that satisfy Eq. ͑1͒. Then for these candidates Eq. ͑2͒ allows us to determine whether a similar pair of lines with the same combination differences exists in the second band. If it does, this candidate is much more likely to be the correct assignment. Figure 3 shows a small part of the dense spectrum near 9500 cm Ϫ1 for the rotational assignment of 138 BaO. The five observed bands ͑1,12͒, ͑4,14͒, ͑5,15͒, ͑6,16͒, and ͑11,20͒ all lie in this congested region. Using the above techniques, ϳ11 400 rovibrational lines from 82 bands of 138 BaO were assigned, with maximum JЉ values up to 119. These data and BaO was finished, it was relatively easy to find and assign the other isotopomers, with the help of the Loomis program. The unperturbed lines from minor isotopomers are shifted from those corresponding to 138 BaO by the offset ⌬T v,J ␣ , where ␣ is a label identifying a particular isotopomer
where ⌬G v ␣ ϵG v ␣ ϪG v 138 is a constant for a given band and BaO branch. All the lines from the isotopomers in this work were found and assigned in this way. Figure 4 shows a portion of the rotational assignments for the ͑1,1͒ bands of BaO it is 59. It is interesting to note that the percentage of lines observed and assigned for a particular isotopomer is close to the natural abundance of the Ba isotopes ͑i.e., ϳ73% of the assigned lines are for 2 ) and ͓J(J ϩ1)͔. This term-value treatment of the upper A-state levels is a type of procedure suggested by Å slund in 1974. 34 However, it may also be thought of as a sorting of the electronic vibrational band data into groups of lines associated with distinct upper-state levels, followed by an analysis which treats those groups as fluorescence series. For the data set used in our final analysis ͑see below͒, this involves a total of 1372 ''fluorescence series'' associated with 878 levels of BaO. This approach allows the electronic data to be used directly, without first converting it into a set of combination differences, and allows the estimated experimental line position uncertainties of 0.005 cm Ϫ1 to be used to weight the data.
Because of the density of our electronic spectrum, over 2100 of the assigned transitions were actually blended lines with duplicate assignments; they were omitted from our analysis. Moreover, since v A Ј у1 levels of the A-state are each represented by an independently fitted term value, if only one chemiluminescence transition originated in one of those levels it was also omitted from the present analysis, as it could not contribute to our knowledge of the ground state and the uncertainty associated with a T v Ј , j Ј ␣ value obtained in this way would be undefined.
The present analysis also utilized 37 microwave data 6, 7, 12, 13 and 124 high-resolution infrared data 14 for the ground state and 1 microwave measurement for the A-state 8 taken from the literature, each weighted by the inverse square of the reported experimental uncertainty. Although they are of distinctly lower resolution, the OODR photoluminescence data of Ref. 15 were also included since they extend to vЉϭ34, far beyond the range ͑up to vЉϭ20͒ of our high-resolution data. Again, their weights were defined as the inverse square of the experimental uncertainties, which are ϳ2.4 cm Ϫ1 for the absolute frequencies defining the vibrational spacings, and 0.94 cm Ϫ1 for the P/R branch splittings. This left a total of 13 683 data in our analysis, consisting of our 13 402 chemiluminescence data plus 38 microwave data, 5, 6, 8, 7, 12, 13 124 infrared data, 14 and the 59 fluorescence R-lines and 60 P/R splittings from the low resolution OORD study of Ref. 15 for the P-R splittings. 15 Our analysis was performed using computer program DSPARFIT. 45 This code allows various kinds of data for multiple isotopomers to be treated in a combined analysis which can use different types of representations for data associated with different electronic states. When conventional Dunham expansions are selected, it automatically implements the normal first-order semiclassical scaling
where ␣ and ␤ are the reduced masses of isotopomers ␣ and ␤, and treats the expansion parameters ͕Y l,m 1 ͖ of a selected reference isotopomer ͑␣ϭ1͒ as free parameters, with those for other isotopomers being defined by Eq. ͑4͒. DSPARFIT also allows for the inclusion of atomic-massdependent Born-Oppenheimer breakdown correction terms, 46 but such correction terms were not required here. The observed A -X electronic transition frequencies for vЈу1 level of isotopomer-␣ of BaO were fitted to the expression
where 
The present analysis used 138 BaO as the reference isotopomer ͑␣ϭ1͒, while the atomic masses used to determine the various reduced masses were taken from Ref. 47 . Note that the masses of all stable atomic isotopes are included in data subroutine MASSES which is part of the DSPARFIT program package. 45 After some experimentation it was found that an optimum fit was obtained when the Dunham expansion for the ground state was defined by m max ϭ2 and l max (m)ϭ5, 3, and 2 for mϭ0, 1, and 2, respectively. The 1400 determined parameters consisted of the 12 Dunham constants for 48 of f ϭ1.27 suggests that our estimated experimental uncertainty of 0.005 cm Ϫ1 may have been slightly ͑ϳ25%͒ optimistic. The final fit was performed using the ''sequential rounding and refitting'' scheme described in Ref. 48 ͑and incorporated in program DSPARFIT 45 ͒ which minimizes the number of significant digits in the fitted parameters required to accurately represent the input data.
The resulting Dunham parameters for 138 Ba 16 O, and their 95% confidence limit uncertainties are presented in Table II , together with the A-state v A Ј ϭ0 band constants for the four observed isotopomers. Although readily generated from Eq. ͑2͒, for the reader's convenience the X-state Dunham parameters for the minor isotopomers are also listed there. The fact that more significant digits are required for the latter than for the constants of the reference isotopomer 138 Ba 16 O simply reflects the fact that the simplification yielded by the sequential rounding and refitting procedure only applies to parameters directly determined by the fit, so these derived quantities may only be rounded off at the first digit of the parameter sensitivity. 48 TABLE II. Recommended molecular constants for BaO determined from our combined-isotopomer fit. The numbers in parentheses are the 95% confidence limit uncertainties in the last significant digits shown, and the Dunham constants for the minority isotopomers were rounded at the first significant digit of the parameter sensitivity ͑Ref. 48͒. 
